The bithorax complex (BX-C) of Drosophila, one of two complexes that act as master regulators of the body plan of the fly, has now been entirely sequenced and comprises '315,000 bp, only 1.4% of which codes for protein. Analysis of this sequence reveals significantly overrepresented DNA motifs of unknown, as well as known, functions in the nonprotein-coding portion of the sequence. The following types of motifs in that portion are analyzed: (i) concatamers of mono-, di-, and trinucleotides; (ii) tightly clustered hexanucleotides (spaced 55 bases apart); (iii) direct and reverse repeats longer than 20 bp; and (iv) a number of motifs known from biochemical studies to play a role in the regulation of the BX-C. The hexanucleotide AGATAC is remarkably overrepresented and is surmised to play a role in chromosome pairing. The positions of sites of highly overrepresented motifs are plotted for those that occur at more than five sites in the sequence, when <0.5 case is expected. Expected values are based on a third-order Markov chain, which is the optimal order for representing the BXCALL sequence.
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The bithorax complex (BX-C) is a set of master control genes that programs the development of the abdomen and a portion of the thorax of the fruit fly (reviewed in refs. 1 and 2). The complex consists of three homeobox-containing genesUltrabithorax (Ubx), abdominal-A (abd-A), and Abdominal-B (Abd-B)-and 12 cis-regulatory regions. The anterobithorax (abx), bithorax (bx), and postbithorax (pbx) regions function in the wild type to promote development of the third thoracic segment into a haltere-bearing, instead of a wing-bearing, segment. The remaining nine regions, bxd and iab-2-iab-9, inclusive, determine the pattern of differentiation of abdominal segments A1-A9, respectively.
The complex has been sequenced and comprises -315,000 bases. The methods used in sequencing it and an analysis of its open reading frames are described in the preceding paper (3) .
The sequence itself is highly unusual in that >98% of it fails to code for protein. The challenge is to identify in the noncoding fraction DNA sequence motifs that are involved in cis regulation of the complex, such as activators or repressors of transcriptional initiation, enhancers or silencers of transcription, and motifs involved in such processes as DNA replication, splicing, chromatin activation and deactivation, and chromosome pairing. Also expected are binding sites for trans-acting repressor proteins of the Polycomb (Pc) family type (reviewed in ref. 4 ) and transacting activator proteins of the trithorax (tix) type (reviewed in ref. 5) . Finally, an unknown fraction of the noncoding sequence may consist of spacer DNA that is needed to establish correct boundaries for proper expression of motifs, especially those that function in a clustered fashion. This paper reports a preliminary analysis of DNA motifs that for the most part are highly overrepresented, singly and/or in a clustered manner. In some cases, biochemical and developmental studies have already identified motifs that have functional significance; hence their degree of abundance becomes of interest. In other cases, there are sequences so overrepresented as to suggest that they also have functional importance. The latter cases, if verified by molecular and developmental studies, will extend the known repertoire of motifs thought to regulate the complex. Increasingly, as sequence analysis becomes available for noncoding regions of the complex in other organisms, such as Drosophila virilis, the degree of sequence conservation of motifs between species will help identify those that are functionally indispensable.
MATERIALS AND METHODS
The BX-C is located in the 89E region of the salivary gland chromosomes. A total of 338,324 bp from that region have now been entirely sequenced and designated SEQ89E (3) (GenBank accession no. U31961). At each end of SEQ89E are sequences of putative genes that appear to be functionally unrelated to the BX-C. We have therefore deleted such genes to generate a sequence of 314,895 bp, designated BXCALL, that is expected to include the entire BX-C. All base-pair positions in this paper refer to SEQ89E.
Since the sequence of base pairs in noncoding as well as in coding regions of eukaryotic DNA is known to be nonrandom, Markov chain theory has been adopted to represent such sequences (reviewed in ref. 6 ). We find that a third-order Markov chain (TMC) best describes the sequence, based on the Bayesian independence criterion (BIC) (7) . Thus, for all order tested from the zeroth-identical with base pair frequencies generated independently-to the fifth, the BIC is at a minimum for the third order (TMC) (data not shown).
The TMC assumes that the probability of occurrence of a given base in a sequence is not independent of the base that precedes it but instead is conditional upon the probability of obtaining the three bases that immediately precede it. As an example, the probability of obtaining AGATAC in BXCALL is the probability of obtaining the trinucleotide AGA multiplied by the three conditional probabilities of obtaining the three bases which follow it. An estimate of the conditional probability of obtaining a T following the trinucleotide AGA can be obtained as the ratio of the total number (n) of AGAT tetranucleotides observed in the entire sequence (BXCALL) to the total number of AGA trinucleotides in that sequence; similarly, for the A which follows GAT, the estimate becomes the ratio of the number of GATA tetranucleotides to the number of GAT trinucleotides, and for the C that follows ATA the estimate is the ratio of the number of ATAC tetranucleotides to the number of ATA trinucleotides. The expression for the probability (P) of obtaining the sequence AGATAC is
Abbreviation: TMC, third-order Markov chain.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. We have deduced consensus DNA-binding motifs from in vitro footprinting studies for the protein products ofgt (11) , hb (12, 13) , kni (14) , and Kr (12) (13) (14) (15) . For the remaining genes in Table 3 we have used published consensus DNA-binding motifs as follows: tll (14) ,ftz (16) , cad (17) , z (18) , and from a biochemical approach for the protein products of Ubx (19) and Abd-B (20) . Table 3 summarizes the result of analyzing such consensus motifs. Contiguous oligomers of such motifs were insufficient in number to warrant plotting in Fig. 1 . When -5 nt separates such motifs, certain of them are found to be significantly overrepresented; however, since the Markov expectation exceeds one in such cases their positions are not plotted in Fig. 1 .
We also analyzed the octanucleotide, ATTTGCAT, to which the mammalian proteins OCT1 and OCT2 bind (reviewed in ref. 21 (Fig. 1) , as judged by the TMC expectation. The observed excessive number of runs of six or more dinucleotides of the type CA or its inverse, TG, are unlikely to be due to chance. Runs of six or more tend to occur in the introns of Ubx, abd-A, and Abd-B transcription units. This correlation with transcription units is consistent with the theory that such runs generate negative supercoiling during transcription (23) . Runs of CT, or its inverse, AG, are also significantly overrepresented. Runs of three or more of the rotational derivative GA have been proposed to be involved in determining chromatin structure (24) and also act as enhancers of transcription when bound by the transcriptional activator known as GAGA factor (25) .
Repeats of four or more CAG trinucleotides occur in the coding regions of abd-A and Abd-B. Such repeats are responsible for the long runs of glutamine in the ABD-B proteins (26) and the ABD-A proteins (27) . Repeats of four or more CTG (the complement of CAG) trinucleotides occur in the noncoding region of the Ubx and Abd-B domains.
The most striking of the concatamers of hexanucleotides is that of AGATAC. Hogness et al. (28) reported AGATAC as a consensus sequence in the Ubx domain and suggested that it might serve as a binding site for "coupling proteins" that would bring distant cis-regulatory regions closer together, specifically the bxd and abx/bx regions.
Known Motifs Within the BX-C. In constructing (16, (31) (32) (33) assumed to facilitate pairing of homologous chromosome regions, whether located in cis or in trans (18) . Loss of function mutants of the z gene suppress transvection (or pairingdependent complementation) within the BX-C (34, 35, 43) , the decapentaplegic gene (36) , and the eyes-absent gene (37) . Clusters of YGAGYG are not plotted in Fig. 1 , since several are expected to occur by chance owing to the degeneracy of the hexanucleotide. Clusters of AGATAC have also been suggested to be involved in pairing, as already mentioned. It may be of interest that YGAGYG and AGATAC, when reduced to their purine (R)/pyrimidine (Y) hexanucleotides, YRRRYR and RRRYRY, respectively, are derivatives of one another.
The BX-C has been postulated to derive from a common ancestral sequence that tandemly duplicated and then diverged by mutation to acquire new functions (38) . This postulate is consistent with the finding that the BX-C genes have their homeobox sequences highly conserved (39, 40) . Whether the cis-regulatory regions will also turn out to have sequence similarities suggesting a duplication origin cannot be answered at present and will need much more extensive analysis. As a start, the distribution of significantly clustered sequences in these regions as enumerated in Fig. 1 may be viewed as an attempt to develop a "signature" for each of the cis-regulatory regions of the complex. It should be stressed that sequence analysis of the entire BX-C, as begun in this paper, will become a powerful approach to understanding regulation of the BX-C when coupled with biochemical and developmental approaches and ultimately with a comparative sequence analysis of the homologous genes in other organisms.
